The ubiquitin-proteasome system is a central mechanism for controlled proteolysis that regulates numerous cellular processes in eukaryotes. As such, defects in this system can contribute to disease pathogenesis. In this pathway, E3 ubiquitin ligases provide platforms for binding specific substrates, thereby coordinating their ubiquitylation and subsequent degradation by the proteasome. Despite the identification of many E3 ubiquitin ligases, the identities of their specific substrates are still largely unresolved. The ankyrin repeat-containing protein with a suppressor of cytokine signaling box 2 (ASB2) gene that we initially identified as a retinoic acid-response gene in acute promyelocytic leukemia cells encodes the specificity subunit of an E3 ubiquitin ligase complex that is involved in hematopoietic cell differentiation. We have recently identified filamin A and filamin B as the first ASB2 targets and shown that ASB2 triggers ubiquitylation and proteasome-mediated degradation of these proteins. The ubiquitin-proteasome system (UPS) 1 plays an essential role in the regulation of protein stability in eukaryotic cells.
The ubiquitin-proteasome system is a central mechanism for controlled proteolysis that regulates numerous cellular processes in eukaryotes. As such, defects in this system can contribute to disease pathogenesis. In this pathway, E3 ubiquitin ligases provide platforms for binding specific substrates, thereby coordinating their ubiquitylation and subsequent degradation by the proteasome. Despite the identification of many E3 ubiquitin ligases, the identities of their specific substrates are still largely unresolved. The ankyrin repeat-containing protein with a suppressor of cytokine signaling box 2 (ASB2) gene that we initially identified as a retinoic acid-response gene in acute promyelocytic leukemia cells encodes the specificity subunit of an E3 ubiquitin ligase complex that is involved in hematopoietic cell differentiation. We have recently identified filamin A and filamin B as the first ASB2 targets and shown that ASB2 triggers ubiquitylation and proteasome-mediated degradation of these proteins. The ubiquitin-proteasome system (UPS) 1 plays an essential role in the regulation of protein stability in eukaryotic cells.
Degradation of a protein by the UPS entails two successive steps: the covalent attachment of multiple ubiquitin molecules to the protein substrate and its degradation by the 26 S proteasome (1, 2) . Ubiquitylation of protein substrates occurs through the sequential action of distinct enzymes: a ubiquitinactivating enzyme, E1; a ubiquitin-conjugating enzyme, E2; and a ubiquitin ligase, E3, responsible for the specific recognition of substrates. Increasing attention has been recently given to the UPS leading to the identification of hundreds of E3 ubiquitin ligases (E3s). Two major classes of E3s have been described: (i) E3s of the HECT (homologous to the E6-associated protein carboxyl terminus) domain family that function as ubiquitin carriers (3, 4) and (ii) E3s of the RING (really interesting new gene) or of the U box families that have no inherent catalytic activity but recruit an E2 enzyme toward substrates (5) (6) (7) .
Classical approaches to identify substrates of E3s are based on the identification of interacting proteins. Although these have successfully led to the identification of a number of substrates of monomeric E3s, identification of substrates of multimeric E3s is very challenging because of the weak affinity of substrates for their requisite specificity subunit and because of the labile nature of the substrate complexed with the specificity subunit (8) .
Acute promyelocytic leukemia (APL) is associated with six reciprocal translocations always involving the retinoic acid receptor ␣ (RAR␣) gene (9 -11) . The RAR␣ protein is a member of the nuclear receptor superfamily that stimulates myeloid differentiation in the presence of its ligand, all-transretinoic acid (RA). In more than 95% of APL, the t(15;17) translocation between the promyelocytic leukemia (PML) gene on chromosome 15 and the RAR␣ gene on chromosome 17 produces the PML-RAR␣ fusion protein (12) . The PML-RAR␣ protein enhances the repression of RAR␣ target genes by increasing associations with corepressors (13) (14) (15) and by recruiting DNA methyltransferases (16) . These complexes dis-sociate from the PML-RAR␣ fusion protein in the presence of pharmacological concentrations of RA perhaps explaining why APL cells are sensitive to RA treatment. Indeed at pharmacological concentrations, RA induces complete remission in a high percentage of APL patients (17) (18) (19) . By studying RA-induced differentiation of APL cells we have attempted to identify some of the genes that may be up-regulated during this process to further understand the control of growth and differentiation in leukemia (20) . One gene identified in this manner, ASB2 (ankyrin repeat-containing protein with a suppressor of cytokine signaling box 2) is an RA-response gene involved in induced differentiation of myeloid leukemia cells (21) (22) (23) .
The ASB2 protein is a subunit of a multimeric E3 ubiquitin ligase of the cullin-RING ligase family (24, 25) . The ASB2 suppressor of cytokine signaling box can be divided into a BC box that defines a binding site for the Elongin BC complex and a Cul5 box that determines the binding specificity for Cullin5 (24, 26) . Indeed the ASB2 protein, by interacting with the Elongin BC complex, can assemble with a Cullin5/Rbx1 or -2 module to reconstitute an active E3 ubiquitin ligase complex (23) (24) (25) . Within this complex, the ASB2 protein is the specificity subunit involved in the recruitment of specific substrate(s). Furthermore endogenous ASB2 protein was copurified with ubiquitin ligase activity in RA-treated APL cells suggesting that, during induced differentiation of leukemia cells, the ASB2 protein may target proteins involved in blocking differentiation to destruction by the proteasome machinery (24) . We recently identified actin-binding proteins filamin A (FLNa) and filamin B (FLNb) as ASB2 targets and showed that ASB2 triggers ubiquitylation and drives proteasome-mediated degradation of these proteins during RA-induced differentiation of myeloid leukemia cells (23) .
With the aim to develop a strategy to identify E3 substrates that are degraded by the proteasome, we used an MS approach to identify ASB2 substrates in physiologically relevant settings. Indeed we used label-free quantitative proteomics to identify proteins that are absent or less abundant in cells that express wild-type ASB2 but that accumulate in cells expressing an ASB2 E3 ligase-defective mutant. Application of labelfree MS methods that have the advantage to be simple, fast, and cheap enabled the identification of FLNa and FLNb as ASB2 substrates. This study provides a new strategy for the identification of E3 substrates that have to be degraded.
EXPERIMENTAL PROCEDURES
Cell Lines, Culture Conditions, and Cell Extracts-Clonal PLB985 cells stably transfected with ZnSO 4 -inducible vectors expressing wild-type ASB2 or an E3 ligase-defective mutant of ASB2 (PLB985/ MT-FLAG-ASB2wt and PLB985/MT-FLAG-ASB2LA cells, respectively) were used as described previously (23) . PLB985 cells transfected with the empty vector (PLB985/MT-FLAG) were used as controls. Exponentially growing cells were seeded at 1.5 ϫ 10 5 cells/ml for 24 h and either induced by addition of 100 M ZnSO 4 for 8 h or left uninduced. Cell viability was evaluated using a standard trypan blue dye exclusion assay. Cells were maintained in a 5% CO 2 incubator at 37°C. Cell fractionations were carried out using the ProteoExtract Subcellular Proteome Extraction kit as recommended by the manufacturer (Calbiochem). All buffers were supplemented with 1 mM Na 3 VO 4 , 50 mM NaF, and 1% protease inhibitor mixture (Sigma). Proper subfractionation of cellular proteomes was verified using antibodies to Grb2 (cytosol and membrane/organelles), TAF6 (nucleus), and vimentin (cytoskeleton) (not shown). The cytosolic fraction was used for this study. Proteins were quantified using the BCA TM Protein Assay kit (Pierce). Antibodies and Western Blots-The rabbit serum raised against ASB2 (1PNA) has been described previously (21) . Antibodies to FLNa (PM6/317) and to FLNb were from Millipore. Anti-Talin 1 (H-300) and anti-Grb2 (C-23) were from Santa Cruz Biotechnology. Anti-nonmuscle myosin II heavy chain A, anti-TAF6 (25TA-2G7), and antivimentin (V9) were from Covance, Euromedex, and Immunotech, respectively. Samples were separated by SDS-PAGE on a 7% acrylamide gel, transferred to nitrocellulose membranes, and analyzed by immunoblotting with the indicated antibodies.
Northern Blots-Total RNA extraction and hybridization were as described previously (21, 27) . The ASB2 probe corresponded to the ASB2 open reading frame. The FLNa probe was an internal EcoRI/ KpnI fragment of the FLNa cDNA. The Arbp probe was previously described as 36B4 probe (28) .
In-gel Digestion-150 g of each cytoplasmic extract of ZnSO 4 -treated cells were diluted in Laemmli buffer and boiled for 5 min before being separated on a 7% acrylamide SDS-PAGE gel (18-cm length). Proteins were visualized by colloidal Coomassie Blue staining. Each lane was cut into 40 slices that were washed in water followed by a second wash in 100 mM NH 4 HCO 3 and a third wash in 100 mM NH 4 HCO 3 , ACN (1:1). All washing steps were performed for 5 min at 37°C. Proteins were reduced and alkylated by successive incubations in 100 mM NH 4 HCO 3 , 10 mM DTT for 45 min at 56°C and in 100 mM NH 4 HCO 3 , 55 mM iodoacetamide for 30 min at room temperature. An additional cycle of washes in NH 4 HCO 3 and NH 4 HCO 3 /ACN was then performed. Proteins were digested by incubating each gel slice in a sufficient covering volume (50 l) of modified porcine trypsin solution (12.5 ng/l in 12.5 mM NH 4 HCO 3 ; Promega). Trypsin digestion was performed overnight at 37°C under shaking. Resulting peptides were extracted from the gel slices by successive incubations in 25 mM NH 4 HCO 3 , ACN (1:1) and 5% formic acid (FA), ACN (1:1) for 15 min at 37°C under shaking. The two collected extractions were pooled, and the peptide mixture was dried under vacuum and stored at Ϫ20°C.
Nano-LC-ESI-LTQ-Orbitrap MS/MS
Analysis-For MS analysis, tryptic peptides were resuspended with 15 l of 2% ACN, 0.05% TFA and submitted to nano-LC-MS/MS using an Ultimate3000 system (Dionex) coupled to an LTQ-Orbitrap mass spectrometer (Thermo Fisher Scientific) operating in positive mode with a spray voltage of 1.5 kV. 5 l of each sample were loaded on a C 18 precolumn (300-m inner diameter ϫ 5 mm; Dionex) at 20 l/min in 5% ACN, 0.05% TFA. After 5-min desalting, the precolumn was switched on line with the analytical column (75-m-inner diameter ϫ 15-cm PepMap C 18 ; Dionex) equilibrated in 95% solvent A (5% ACN, 0.2% FA) and 5% solvent B (80% ACN, 0.2% FA). Peptides were eluted using a 5-50% gradient of solvent B during 80 min at 300 nl/min flow rate. Data were acquired with Xcalibur (LTQ-Orbitrap Software version 2.2, Thermo Fisher Scientific). The mass spectrometer was operated in the datadependent mode and was externally calibrated. Survey MS scans were acquired in the Orbitrap in the 300 -2000 m/z range with the resolution set to a value of 60,000 at m/z 400. Up to five of the most intense multiply charged ions (2ϩ, 3ϩ, and 4ϩ) per scan were CID fragmented in the linear ion trap. A dynamic exclusion window was applied within 60 s. All tandem mass spectra were collected using a normalized collision energy of 35%, an isolation window of 4 m/z, and one microscan. Other instrumental parameters included maximum injection times and automatic gain control targets of 250 ms and 500,000 ions for the FT MS and 100 ms and 10,000 ions for LTQ MS/MS, respectively.
Database Search and Data Analysis-Data were analyzed using Xcalibur software (version 2.0.6, Thermo Fisher Scientific), and MS/MS centroid peak lists were generated using the extract_msn.exe executable program (Thermo Fisher Scientific) integrated into the Mascot Daemon software (Mascot version 2.2.03, Matrix Science). The following parameters were set to create peak lists: parent ions in the mass range 400 -4,500, no grouping of MS/MS scans, and threshold at 1,000. A peak list was created for each fraction (i.e. each gel slice) analyzed, and individual Mascot searches were performed for each fraction.
Data were searched using the Mascot server (Mascot version 2.2.03, Matrix Science) against Homo sapiens sequences in the Swiss-Prot TrEMBL database (69,287 sequences). This database consists of UniProtKB/Swiss-Prot Protein Knowledgebase Release 55.1 merged in house with UniProtKB/TrEMBL Protein Database Release 38.1. Mass tolerances in MS and MS/MS were set to 5 ppm and 0.8 Da, respectively, and the instrument setting was specified as "ESI Trap." Trypsin was designated as the protease (specificity set for cleavage after Lys or Arg), and up to two missed cleavages were allowed. Oxidation of methionine, amino-terminal protein acetylation, and carbamidomethylation and propionamide on cysteine were searched as variable modifications; no fixed modification was set. Mascot results were parsed with the home-made and developed software MFPaQ version 4.0 (Mascot File Parsing and Quantification) (29) , and protein hits were automatically validated if they were identified with at least either: (i) one top ranking peptide with a Mascot score of more than 42 (p value Ͻ 0.001), (ii) two top ranking peptides each with a Mascot score of more than 27 (p value Ͻ 0.0316), or (iii) three top ranking peptides each with a Mascot score of more than 22 (p value Ͻ 0.1). p values were determined by the Mascot Search program. Proteins identified with exactly the same set of peptides were grouped. Highly homologous protein hits, i.e. proteins identified with top ranking MS/MS queries also assigned to another protein hit of higher score, were detected by the MFPaQ software and were considered as individual hits and included in the final list only if they were additionally assigned a specific top ranking peptide of score higher than 30. Keratins were manually removed from the protein lists. Identification data of FLNa, FLNb, and Talin 1 are provided in supplemental Data 1 and 2. From all the validated result files corresponding to the fractions of a one-dimensional gel lane, MFPaQ was used to generate a unique non-redundant list of proteins (data not shown). The MFPaQ software was also used to compare these lists to determine whether the identified proteins were specific to wild-type ASB2 (ASB2wt)-expressing cells, to ASB2LA-expressing cells, or present in both cell lines.
To evaluate false positive rates, all the initial database searches were performed using the "decoy" option of Mascot, i.e. the data were searched against a combined database containing the real specified protein sequences (target database, Swiss-Prot TrEMBL human) and the corresponding reversed protein sequences (decoy database). MFPaQ used the same criteria to validate decoy and target hits, calculated the false discovery rate (FDR ϭ number of validated decoy hits/(number of validated target hits ϩ number of validated decoy hits) ϫ 100) for each gel slice analyzed, and made the average of FDR for all slices belonging to the same gel lane (i.e. to the same sample). FDRs were below 1%.
Quantitative Analysis-Analysis of quantitative changes in protein abundance was measured by two label-free methods. To consider only the peptides that were unique for each filamin or talin, sequence alignments of FLNa, FLNb, and FLNc (provided as supplemental Data 3) and of Talin 1 and Talin 2 (supplemental Data 4) were performed using MultAlin.
For spectral counting, fragment spectra identifying peptides specific to proteins of interest and considered as top ranking peptides by the Mascot search algorithm (see supplemental Data 1 and 2) were summed up across all gel slices. This was performed manually using data obtained with the Mascot software. Two quantitative analyses were performed from two independent polyacrylamide gels.
For peptide chromatographic peak intensity measurements, the Xcalibur software (Thermo Fisher Scientific) was used to extract the ion current chromatogram of peptides with a mass tolerance of 5 ppm and to perform the area integration of the corresponding peaks using the Interactive Chemical Information System algorithm. Indeed five specific peptides of FLNa or Talin 1 were selected based on the following criteria: the Mascot peptide ion score was above 42 in the slice where the protein was identified with the best score; the peptide ion did not present several types of modification and was not present at multiple charge states. The data sampling across the MS channel was verified for the peptides of interest and was always above 10 points (supplemental Data 9 and 10). Therefore, for these peptides, ratios of the sum of the chromatographic peak areas measured in the slices where proteins were identified in ASB2LA-expressing cell extracts to the sum of the chromatographic peak area measured in the slices where proteins were identified in ASB2wt-expressing cell extracts were calculated. To estimate the relative abundance of FLNa and Talin 1, mean values and S.D. of these ratios were calculated in different biological and technical replicates (for details, see supplemental Data 5-8).
FIG. 1.
Experimental design for identification of E3 ubiquitin ligase substrates that are targeted for degradation. Our strategy uses label-free quantitative proteomics approaches to identify proteins that are absent or less abundant in cells that express a functional E3 ubiquitin ligase but that accumulate in cells that express an E3 ligase-defective mutant of this protein. This strategy was applied to identify substrates of ASB2 using myeloid leukemia cells expressing ASB2wt or an ASB2 BC box mutant (ASB2LA) that is unable to interact with the Elongin BC complex and defective in ubiquitin ligase activity under the control of an inducible promoter. 1D, one-dimensional.
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RESULTS
Model System: Cells Expressing a Functional or an E3 Ligase-defective ASB2 Protein-To identify novel substrates of
E3s that are targeted for degradation, we set up a global strategy using label-free quantitative proteomics with cells induced to express either a functional or a defective E3 ligase (Fig. 1) . To evaluate this method, expression vectors encoding FLAG-tagged ASB2wt or an ASB2 BC box mutant (ASB2LA) unable to interact with the Elongin BC complex and defective in ubiquitin ligase activity under the control of the zinc-inducible metallothionein (MT) promoter (MT-FLAG-ASB2wt and MT-FLAG-ASB2LA, respectively) were stably transfected into PLB985 myeloid leukemia cells ( Fig. 2A) (23) . The MT-FLAG vector was used as an empty control (23) . PLB985, PLB985/ MT-FLAG, PLB985/MT-FLAG-ASB2wt, and PLB985/MT-FLAG-ASB2LA cells were incubated with or without ZnSO 4 for 8 h. When zinc was added to the media, ASB2 mRNA (Fig. 2B) and protein (Fig. 2C ) expression increased dramatically in PLB985/MT-FLAG-ASB2wt and PLB985/MT-FLAG-ASB2LA cells. ASB2wt and ASB2LA proteins were mainly detected in the cytosolic fractions (Fig. 2C and data not shown) . Although equivalent amounts of ASB2wt and ASB2LA proteins were expressed, only wild-type ASB2 induced loss of FLNa (Fig.  2C ) as shown previously (23) . In contrast, the abundance of FLNa in untransfected cells or in cells transfected with the MT-FLAG vector was unaffected by ZnSO 4 treatment (Fig.  2C) . As expected, the abundance of FLNa mRNA in either cell line was not regulated in cells cultured without or with ZnSO 4 (Fig. 2B) . (Fig. 3A) . In contrast, no loss of another actin-binding protein, talin, or non-muscle myosin heavy chain IIA was observed in ASB2wt-expressing cells (Fig. 3A) showing ASB2 specificity for FLNa and -b. This is consistent with the fact that ASB2wt did not induce degradation of talin in transfected cells (23) . Proteins from cytosolic extracts of ZnSO 4 -treated PLB985/MT-FLAG-ASB2wt and PLB985/MT-FLAG-ASB2LA cells (150 g) were separated by SDS-PAGE and stained with colloidal Coomassie Blue (Fig. 3B) . No obvious qualitative difference was observed between both lanes. Gel slices were cut for further trypsin-mediated protein digestion and LTQ-Orbitrap LC-MS/MS analysis. Proteins were identified using Mascot, and the automatic validation module of the MFPaQ software (29) was used to generate lists of proteins identified in both samples. Through the comparison of these two lists, the MFPaQ software produced three protein lists corresponding to (i) proteins found exclusively in ASB2wt-expressing cells, (ii) proteins found exclusively in ASB2LA-expressing cells, and (iii) proteins common to both samples (data not shown). These lists also contained the number of MS/MS spectra acquired that matched to all the peptides for each identified protein. When a protein was identified several times in consecutive gel slices, all the MS/MS spectra attributed to peptides belonging to the protein were taken into account. This information was added to the lists to have an indication of the respective abundance of the proteins in both samples. Because FLNa and FLNb belong to a protein family with high sequence homology that also includes FLNc (supplemental Data 3), they shared identical tryptic peptides. Thus, we considered only those spectrum-to-peptide matches that were unique to each FLN (supplemental Data 3).
Although FLNa was detected in cells expressing either ASB2wt or ASB2LA, the spectral count number of peptides specific to FLNa was drastically lower in ASB2wt-expressing cells compared with ASB2LA-expressing cells (Table I ). In contrast, no MS/MS spectrum corresponding to specific peptides of FLNb was acquired in the shotgun proteomics analysis performed with extracts of cells expressing ASB2wt, whereas some were detected in cells expressing ASB2LA (Table I) . To estimate the relative abundance of FLNa in PLB985 cells induced to express ASB2LA and ASB2wt, the ratio of the number of MS/MS spectra of peptides specific to FLNa in ASB2LA-expressing cells to the number of MS/MS spectra of peptides specific to FLNa in ASB2wt-expressing cells was calculated. Indeed FLNa spectral count ratio was 11.3, whereas that of control Talin 1 was 1.2 (Table I) . Furthermore a second experiment was performed leading to similar ratios (data not shown). Thus, the mean value of the FLNa spectral count ratio of these two analyses was 15.6 Ϯ 6.1, whereas that of Talin 1 was 1.08 Ϯ 0.02. Altogether spectral count ratios allowed us to identify FLNa and FLNb as potential substrates of ASB2 E3 ligase activity that are targeted for degradation.
MS Intensity-based Label-free Quantification of FLNa Amount in ASB2-expressing Cells-To further confirm the high ratio obtained with the spectral count method a label-free quantification was also performed by comparing the chromatographic peak area of specific peptides of FLNa and Talin 1 (Fig. 4 and supplemental Data 9 and 10). It was not possible to use this type of quantification for FLNb as no specific peptides could even be clearly detected in the MS spectra acquired during the shotgun analysis of extracts from ASB2wt-expressing cells. This quantification was performed with five selected specific peptides of each protein (see "Experimental Procedure" and supplemental Data 5, 6, 9, and 10). As shown in Fig. 4 , the ratio of chromatographic peak area of peptides specific to FLNa in ASB2LA-expressing cells to chromatographic peak area of peptides specific to FLNa in c Number of total spectrum-to-peptide matches for all peptides specific to indicated proteins.
FIG. 4.
Quantification based on the chromatographic peak area of selected peptides specific to FLNa. Peak areas of the extracted ion chromatograms (XICs) of five selected peptides specific to FLNa were measured using the Interactive Chemical Information System peak detection method from the Xcalibur software. Peptide sequences are indicated on the left. For each FLNa peptide ion, XICs were extracted from the MS analysis of the slice where FLNa was identified with the best score (gel slice 6; see supplemental Data 5) from the cytosolic extracts of ASB2LA-(left) and ASB2wt (right)-expressing cells. The measured area (A) and the retention time (RT) of each chromatographic peak are specified. The ratio (R) indicated for each FLNa-specific peptide corresponds to the ratio of the chromatographic peak areas measured in the slice where FLNa was identified in ASB2LA-expressing cell extracts to the chromatographic peak area measured in the slice where FLNa was identified in ASB2wt-expressing cell extracts.
ASB2wt-expressing cells indicated that the abundance of FLNa was drastically decreased in ASB2wt-expressing cells. To further quantify this ratio, biological and technical replicates were analyzed (Table II and supplemental Data 7 and 8) . The mean ratio of chromatographic peak area of peptides specific to FLNa in ASB2LA-expressing cells to chromatographic peak area of peptides specific to FLNa in ASB2wt-expressing cells was 9.0 Ϯ 1.9, whereas that of control Talin 1 was 1.0 Ϯ 0.2 (Table II) . DISCUSSION We have provided the development and testing of a strategy for the identification of potential substrates of E3s that are targeted to proteasome degradation. The robustness of this label-free quantitative proteomics approach was further highlighted by a drastic decrease of known ASB2 substrates, FLNa and FLNb, in cells that expressed wild-type ASB2.
In addition to genetics approaches and educated guesses, purification of interacting proteins is the classical way to identify substrates of E3s. However, in most cases, the covalent attachment of ubiquitin to proteins in the form of Lys-48-linked polyubiquitin chain leads rapidly to their degradation by the proteasome. Although proteasome inhibitors abolish substrate degradation, this treatment often leads to the formation of detergent-insoluble structures, named aggresomes, in which ubiquitylated proteins accumulate (30, 31) . In this regard, it is noteworthy that our approach does not rely on the use of proteasome inhibitors and avoids difficulties linked to the extraction of proteins from insoluble structures such as aggresomes. Although two-hybrid screens have on occasion yielded E3-substrate interactions, this approach may be limited by the absence of post-translational modifications of the substrates that are required for their recognition by the E3. Our overall strategy is applicable to the proteomics analysis of cells expressing either a wild-type E3 or an E3 ligase-defective mutant in physiologically relevant settings and therefore represents a general strategy. In contrast to the purification of E3 ligase partners, this approach can be applied to low amounts of proteins. We note that we cannot exclude the possibility that decreased expression of a candidate protein following expression of a functional E3 is not due to its ubiquitylation. Because ubiquitin-mediated protein degradation is a highly dynamic process, induction of the E3 for a short period of time should reduce side effects due to expression of the E3. Nevertheless to conclusively demonstrate that a protein is a substrate of an E3, it is further necessary to demonstrate its ubiquitylation in vivo and/or in vitro. The proof of principle of this strategy is provided by our results highlighting FLNa and FLNb as potential substrates of ASB2. Indeed we have previously demonstrated that ASB2 can promote FLNa ubiquitylation using in vitro substrate ubiquitylation assays with highly purified proteins (23) . Furthermore although our previous attempts to identify ASB2 substrates based on the identification of ASB2 partners such as yeast two-hybrid screens or immunoaffinity purification failed (data not shown), the global proteomics strategy developed here pointed to FLNa and FLNb as potential substrates of ASB2.
Mass spectrometry-based quantification methods have gained increasing popularity in proteomics over the past 5 years because of the gain in accuracy, but they are still technically challenging (32) . One major approach is based on differential stable isotope labeling to create a specific tag that PLB985/MT-FLAG-ASB2wt and PLB985/MT-FLAG-ASB2LA cells were treated with 100 M ZnSO 4 for 8 h. Cytosolic cell extracts of two independent experiments were separated by SDS-PAGE. Filamin A and Talin 1 were identified by shotgun proteomics analysis, and their relative quantification was performed with the five specific peptides of each protein described in supplemental Data 7 and 8. For each peptide ion of FLNa and Talin 1, XICs were extracted from four MS analyses. Ratios indicated for each biological and technical replicate correspond to ratios of the sum of the chromatographic peak areas measured in slices where the protein was identified in ASB2LA-expressing cell extracts to the sum of the chromatographic peak area measured in slices where the protein was identified in ASB2wt-expressing cell extracts. a, b, 
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can be introduced into proteins or peptides in different ways. Alternatively label-free quantification methods that have recently emerged avoid the time-consuming and costly steps of introducing a label into proteins or peptides. Two major labelfree protein quantification strategies are currently widely used: (i) spectral counting, counting the number of fragment spectra that identify peptides of a given protein (33) , and (ii) peptide chromatographic peak intensity measurements, measuring the chromatographic peaks of peptide precursor ions belonging to a specific protein (34 -36) . The spectral counting approach was first used in this study because it is easy to implement in a shotgun proteomics strategy. Furthermore it can detect large changes between proteins (33). However, we are aware that this label-free approach is not the more accurate among the label-free mass spectrometric quantification techniques (37) , but it clearly points to FLNa and FLNb as substrates of ASB2. Although the number of acquired spectra matching to FLNa is an indicator of its amount in ASB2wt-and ASB2LA-expressing cells, direct mass spectrometric signal intensity for several specific FLNa peptides further demonstrated the drastic decrease of FLNa in cells induced to express wild-type ASB2. Indeed the quantification based on chromatographic peak area of FLNa amount in myeloid leukemia cells expressing ASB2wt indicated that FLNa was dramatically reduced to 11.7 Ϯ 2.4% of that observed in cells expressing an ASB2 mutant that is unable to stimulate FLNa degradation. This is in agreement with our previous results using qualitative and/or semiquantitative assays (23) . It is noteworthy that our results identified FLNa, which is abundant, and FLNb, which is present at low levels, as ASB2 substrates in myeloid cells. Our approach will also distinguish spectrum-to-peptide matches that are unique for a particular protein from those common to different proteins. Indeed MS analysis has the advantage to allow the identification of peptides specific to a unique protein. Therefore, in contrast to approaches using antibodies for which the specificity is not always well known, MS approaches represent a tool to identify a particular protein among highly related proteins. Nevertheless the sorting of the specific peptides usually has to be performed manually because most of the database search algorithms are still limited in the exclusive assignments of these peptides to their corresponding proteins.
In summary, our study demonstrated the strength of labelfree quantification using a highly sensitive fast MS instrument with high mass accuracy to identify ASB2 substrates. Our strategy will also aid future studies aimed to the identification of novel E3 substrates. Furthermore this study may result in a better understanding of ubiquitin-mediated protein degradation and its role in the onset of various human diseases.
